The effect of the density dependence of the nucleonic equation of state and the hyperon meson couplings on the star properties, including strangeness content, mass and radius, are studied within a relativistic mean field formalism. It is shown that there is still lacking information on the nucleonic equation of state at supra-saturation densities and on the hyperon interactions in nuclear matter that will allow a clear answer to the question whether the mass of the pulsar J1614-2230 could rule out exotic degrees of freedom from the interior of compact stars. We show that some star properties are affected in a similar way by the density dependence of the symmetry energy and the hyperon content of the star. To disentangle these two effects it is essential to have a good knowledge of the equation of state at supra-saturation densities. A linear correlation between the radius and the strangeness content of a star with a fixed mass is obtained.
I. INTRODUCTION
The measurement of the mass of the mili-second pulsar PSR J1614-2230 with high precision, M = 1.97±0.04 M ⊙ [1] , has given origin to a large number of studies that discuss whether there is room for hyperons or other exotic degrees of freedom inside this star [2] [3] [4] [5] [6] [7] . In particular microscopic calculations using the non-relativistic Brueckner-Hartree-Fock formalism predict a very large softening of the equation of state (EOS) when hyperons are taken into account, and are not even able to account for the standard neutron star masses of the order ∼ 1.4 M ⊙ [8] . The possibility that three-body-hyperonic forces could solve this problem was discussed in [2] by complementing the BHF calculation with a density dependent Skyrme like term based on the model [9] which mimics the many-body-term. Reasonable assumptions seem to exclude the appearance of stars with masses larger than 1.6 M ⊙ . It would be important to verify whether within a relativistic microscopic approach the same conclusions would be drawn. It is known that among the important effects included in the relativistic models, the saturation of the scalar field gives rise to effects that can be interpreted as many-body effects and could give rise to the extra repulsion needed [10] .
Hyperons may appear in the inner core of neutron stars at densities of about 2 − 3ρ 0 and have first been introduced in relativistic mean-field nuclear models in [11] [12] [13] . In particular, in reference [13] the strange mesons σ * and φ have also been introduced. We will fix the couplings of the hyperons to mesons following a similar way to the one proposed in [13] . * Electronic address: cp@teor.fis.uc.pt † Electronic address: rabhi@teor.fis.uc.pt
In [3] the authors have shown that it was essential to include the strange meson φ in order to get stiff enough EOS that could describe a star with a mass of ∼ 2M ⊙ . The calculation was done within a relativistic meanfield (RMF) approach including only non-linear σ-meson terms. The authors have concluded that the compression modulus at saturation had little effect on the maximum mass, which, however, was very sensitive to the effective mass. Similar conclusions with respect to the EOS had been drawn in [14] . Within this approach a small effective mass at saturation requires a large sigma meson coupling that has to be compensated by a large nucleon-omega meson coupling, giving rise to large vector contributions at high densities, and, therefore, a stiff EOS and large star masses. If, however, constraints on the EOS like the ones coming from the flow analysis of nuclear matter in heavy ion collisions [15] are imposed, stiff EOS at high densities are ruled out. The softening of the EOS at large densities may be achieved including a quartic term on the ω-meson as in [16] or density dependent couplings as in [17] .
In the present study we will analyze how the content of strangeness of a star is defined by the properties of the nucleonic EOS and the hyperon-meson couplings. In particular we will discuss: a) the effect of the density dependence of the symmetry energy, b) the effect of the incompressibility of the EOS at 2-3 nuclear saturation density, c) the joint effect of these two properties together with the uncertainty on the hyperon couplings. The effect of the strange content on the maximum mass will be discussed. It will be shown not only that the presence of the strange mesons σ * and φ is important to give rise to a hard hyperonic EOS at large densities as already shown in [3, 5] , but also that the density dependence of the EOS at 2-3 times saturation density has noticeable effects on the star properties. In [18] , the authors study the implication of a soft EOS, as obtained from kaon production in heavy-ion collisions at these same densities [19] , on the properties of compact star.
In order to be able to quantize the effects we take as reference the TM1 parametrization of relativistic meanfield nuclear models [16] . This model was fitted to the ground-state properties of several nuclei and to the DiracBrueckner-Hartree-Fock calculations at large densities. This last feature was only possible with the insertion of a quartic self-interaction ω term which softens the vector meson field at high densities. The effect of this softening on the hyperon content will be discussed by varying the strength of the quartic term. The slope of the symmetry energy of TM1 at saturation L = 110 MeV is too high according to the present experimental constraints coming from different nuclear properties, lying close to the upper limit of isospin diffusion in heavy ion collisions [20] . In order to test the effect of the symmetry energy slope we will introduce a non-linear ω − ρ term as in [21] and change the coupling so that models with equivalent isoscalar properties of TM1 but different density dependence of the symmetry energy will be obtained. As discussed in [7, [21] [22] [23] this term reflects itself on the star properties, namely giving rise to a smaller radii. We will show that this effect is larger for nucleonic stars than for hyperonic stars and that, in fact, the presence of hyperons gives rise to a similar effect that masks the symmetry energy one.
In section II we present the formalism used, in section III the results are presented and discussed and finally in section IV some conclusions are drawn.
II. FORMALISM
To describe the hadronic matter, we employ a relativistic mean-field (RMF) approach, in which the baryons interact via the exchange of mesons. The baryons considered in this work are nucleons (n and p) and hyperons (Λ, Σ, and Ξ). The exchanged mesons include scalar and vector mesons (σ and ω), isovector meson (ρ), and two additional hidden-strangeness mesons (σ * and φ). The Lagrangian density includes several non-linear terms in order to describe adequately the saturation properties of nuclear matter. For neutron star matter consisting of neutral mixture of baryons and leptons in β-equilibrium, we start from the effective Lagrangian density of the nonlinear Walecka model (NLWM) [16] 
where
* is the baryon effective mass. Ψ B and ψ l are the baryon and lepton Dirac fields, respectively, and σ, ω, and ρ represent the scalar, vector, and vector-isovector meson fields, which describe the nuclear interaction. The coupling constants of mesons i = σ, ω, ρ with baryon B are denoted by g i,B where the index B runs over the eight lightest baryons n, p, Λ, Σ − , Σ 0 , Σ + , Ξ − and Ξ 0 , and the sum on l is over electrons and muons (e − and µ − ). The baryon mass and the lepton mass are denoted by m B and m l , respectively. The constants k and λ are the weights of the scalar self-interaction terms and τ B is the isospin operator. The mesonic field tensors are given by their usual expressions:
In the RMF model, the meson fields are treated as classical fields, and the field operators are replaced by their expectation values. Applying the Euler-Lagrange equations to Eq.(1) and using the mean-field approximation, we obtain the following meson field equations of motion as following, with g iB = x iB g i ,
We see that the non-linear ω and ρ terms give rise to effective masses for the ω and ρ mesons that increase with density, giving rise to a softening of the vector fields at large densities. In this work, we employ the TM1 parameter set of the RMF model. The meson-hyperon and the strange meson-hyperon coupling constants g ωH , g ρH , g σ * H , and g φH are determined by using SU(6) symmetry 
g ωN (10) where N means nucleon (g iN ≡ g i ). The scalar coupling constants are chosen to give reasonable potentials. The coupling constants g σH of the hyperons with the scalar meson σ are adjusted to the potential depths U (N ) H felt by a hyperon H in symmetric nuclear matter at saturation following the relation For neutron star matter consisting of a neutral mixture of baryons and leptons, the β equilibrium condition without neutrino trapping are given by
where µ i is the chemical potential of species i. The chemical potentials of baryons and leptons are given by
and the charge neutrality condition is written by
2 is the number density of species i. We solve the coupled equations self-consistently at a given baryon density
we obtain the total energy density and the pressure of the neutron star matter
III. RESULTS AND DISCUSSIONS [24] above saturation density. The shaded region represents constraints imposed by heavy ion flow [15] .
In order to better understand the effect of the symmetry energy and the incompressibility of the EOS at high densities together with the uncertainty on the hyperon interaction on the strangeness content, the mass and radius of the stars, we consider the parametrization TM1, a parametrization that satisfies the heavy-ion flow constraints for symmetric matter at 2-3ρ 0 [15] , see Fig. 1 . Even though in the following we will use parametrizations which satisfy this constraint, it is important to point out that, since it is hard to model flow in transport simulations, this constraint should be taken with care.
We will also consider two variations of TM1: a) we will consider the EOS of TM1 with a smaller quartic omega term, but with the same properties at saturation. We designate this parametrization as TM1-2, and, as shown in Fig. 1 , it is stiffer than with TM1 at suprasaturation densities but still within the constraints imposed by heavy ion flow [15] ; b) the symmetry energy slope of TM1 at saturation density is L = 110 MeV, a value which is presently considered too high (see [20, 25] ), and, therefore, we also take a second parametrization changing the isovector channel of TM1 by including a non-linear ωρ term that makes the symmetry energy slope softer at supra-saturation densities. We will choose L = 55, 70 and 80 MeV. Using these nucleonic EoS we will test different hyperon interactions in nuclear matter.
For the hyperon potentials in symmetric nuclear matter at saturation we take U
The two values of U N Ξ take into account some uncertainty on the experimental data on this potential [26] . Finally, we also consider the inclusion of the strange mesons σ * , φ. According to recent experimental Λ − Λ-hypernuclear data, the Λ − Λ interaction is only weakly attractive [27] . The effect of the small attractiveness of the hyperon-hyperon coupling will be considered by choosing a) a weak g σ * H coupling; b) the extreme value g σ * H = 0.
In Fig. 2 , top panel, the EOS for the different choices of the nucleonic and hyperonic parametrizations are shown. The full dots indicate the central density of the most massive stable stars within each parametrization. We do not include the EOS without hyperons in the figure in order not to burden it, but, as shown in Fig. 7 of [28] it corresponds to the hardest EOS and gives rise to a maximum star mass of 2.18M ⊙ for L = 110 MeV and 2.13M ⊙ if L = 55 MeV (see Table II ). The full lines describe the EOS without the strange mesons and these are the softer EOS. In this case the difference between the L = 55 MeV (thick lines) and L = 110 MeV (thin lines) is the largest. This is also the situation when the Ξ potential has the largest effect. The strangeness content corresponding to these EOS, see bottom panel of Fig. 2 , explains the differences: the onset of strangeness occurs at lower densities for L = 110 MeV and increases faster. A more attractive Ξ potential also gives rise to larger strangeness fractions. An interesting effect is that although having a softer EOS, stars whose strangeness fraction increase faster with density have lower central densities, as if the star did not support more than a given strangeness content.
As already discussed in [7, 22] , a smaller slope L im- plies a softer increase of the strangeness fraction with density. However, because the central density of these stars is larger, it is important to study the total hyperon content of the star. This will be done by calculating for each star the total strangeness number
where m(r) is the mass inside the radius r.
Including strange mesons washes out the effect of the symmetry energy and of the Ξ optical potential on the EOS, mainly if only the φ meson, that gives rise to extra repulsion between hyperons, is included (dash-dotted lines).
Taking the nucleonic TM1-2 EOS, a stiffer EOS than TM1 at large densities (dotted lines) the EOS remains always stiffer than TM1 although having a larger strangeness content. We have seen that the symmetry energy affects the onset of hyperons, namely postponing to larger densities the onset of hyperons for smaller L values. In Fig. 3 it is shown that the different hyperons are affected in a different way by the symmetry energy. In this figure we plot as a function of the coupling Λ ω , Λ ω = 0 (0.03) corresponds to 110 (55) MeV, the onset of the Λ, Σ − and Ξ − . It is seen that the onset of Σ − always decreases with the decrease of L, due to its larger isospin. On the other hand, the onset of Λ occurs at larger densities. The Ξ − never is the first hyperon to appear due to its large mass, but, according to the attractiveness of its potential in nuclear matter, it can appear as the second hyperon. If the repulsiveness of the Σ − in nuclear matter is confirmed we may expect that the Λ is the first hyperon to set on and, therefore, with a smaller slope L the onset of strangeness occurs at larger densities. However, if the optical potential of the Σ − in nuclear matter is only slightly repulsive there may be a competition between the onset of Λ and Σ − depending on the L, with smaller values of L favoring the Σ − hyperon (see top figure of the right column). Lepton fractions are also strongly affected by the symmetry energy density dependence and the hyperon interaction. From the equations of motion for the mesons, Eqs. (6) and (9), it is seen that the non-linear ω − ρ term gives rise to an effective mass for the ρ-meson that increases with density, giving rise to a weaker ρ-meson field, Eq. (6). An immediate consequence is a smaller asymmetry proton-neutron term in the total energy and larger allowed differences between neutrons and protons. Smaller proton fractions give rise to smaller electron fractions for smaller slopes L, as is clearly seen in Fig. 4 . Including hyperons will further reduce the electron fraction mainly if the hyperon couplings favor the appearance of negatively charged hyperons. This explains the difference between the green curves with U N Ξ = −18 MeV which favors the onset of Ξ − , with respect to the black curves. The onset of neutrally charged hyperons also reduces the electron fraction although not so strongly. For L = 110 MeV the electron fraction at the center of the star can go from 0.04 to 0.1 depending on the hyperon interaction. This uncertainty reduces to a fraction between 0.01 and 0.03 for L = 55 MeV. Smaller electron fractions are generally connected to larger neutrino fractions in matter with trapped neutrinos and therefore, the cooling in the early seconds of a proton-neutron star will be strongly affected by the slope L.
By solving the Tolman-Oppenheimer-Volkoff equations [29] , resulting from Einstein's general relativity equations for spherically symmetric and static stars, the neutron star profiles are obtained from the EOS studied, for severals values of U N Ξ and the Λ ω coupling. For the outer crust EOS and the bottom inner crust EOS we consider the BPS EOS [30] .
We now analyze the gravitational mass/radius curves of the families of stars described by the above EOS and their strangeness content ( Fig. 5 and Table II ). In the bottom panel of the Fig. 5 we plot, as a function of the gravitational mass, the total strangeness number of the star over the total baryonic number, which measures the total strangeness content of the star. The strangeness degree of freedom is only present in stars with gravitational masses above 1.5 M ⊙ , and the strangeness content generally attains larger values for L = 110 MeV (thin lines).
In order to help the analysis of this information, in Fig. 6 we plot the radius of a star with a mass 1.67M ⊙ similar to the mass of the pulsar PSR J1903+0327 (1.67 ± 0.02M ⊙ ) [31] as a function of its strangeness content. The largest strangeness fractions were obtained considering an attractive potential for the Σ − meson. It is interesting to notice that two almost parallel straight lines are obtained: for L = 110 MeV the slope is -11.27 ±4% km and for L = 55 MeV the slope is -10.62 ±1% km. The straight lines cross the vertical axis for a nucleonic star with no hyperons. The slope is almost independent of L.
The information related to the maximum mass configurations presented in Table II is partially plotted in Fig. 7 for the parametrization TM1. We have considered four values of Λ ω corresponding to L = 55, 70, 80 and 110 MeV in order to be able to discuss the effect of the symmetry energy slope.
Some general conclusions may be drawn with respect to the strangeness content: a) if the strange mesons are not included, we get the smallest masses [see Table II and red (U N Ξ = −18 MeV), green (U N Ξ = +18 MeV) symbols in Fig. 7a)] . A faster increase of the strangeness content seems to be the reason for this behavior. These are also the stars with the smallest strangeness content [see Fig. 7d that define this behavior: on one hand a larger L corresponds to a harder EOS because the symmetry energy increases faster with the density, on the other hand a larger L favors larger strangeness fractions which softens the EOS. The first one gives rise to smaller central densities and larger radii, while the second one leads to the opposite; c) the strangeness content depends on the hyperon interaction, and, in particular, on the Ξ potential in the present study. If U We conclude that both the symmetry energy and the strangeness content may give rise to similar effects on some properties of the stars such as the radius. These two effects may be partially disentangled by analyzing stars in different mass ranges, since hyperons only exist in massive enough stars, in the present case only if M > is similar if the slope L decreases from 110 MeV to 55 MeV or the total strangeness fraction in the star increases from zero to 10%. In both cases the star radius suffers a decrease of 1 km.
In [22, 28] it was shown that a smaller L makes the nucleonic EOS softer giving rise to less massive stars with smaller radius that varies approximately linearly with L. The inclusion of hyperons softens the EOS but if the strange mesons are included although the strangeness fraction as a function of density is smaller, the total strangeness content in the star will be larger than when only non-strange mesons are included. If hyperonic degrees of freedom are included the radius of the star decreases. An extra decrease of the radius occurs when a smaller L is considered, however, this effect is not so strong as in nucleonic stars.
An attractive or repulsive optical potential of the hyperons, in the present study U N Ξ , clearly affects the fraction of strangeness as a function of density. A large fraction of strangeness at smaller densities makes the EOS too soft and smaller maximum masses and central densities are obtained. This effect almost disappears if strange mesons are included.
At a given density the fraction of strangeness is smaller for a softer symmetry energy. As a result, although the initial nucleonic EOS is softer, a smaller hyperon fraction may give rise to a slightly larger maximum mass, e.g. MeV. This effect was also observed in the calculation with the QMC model [7] . This is not anymore true when the strange mesons are included because it brings extra repulsion to the EOS. Therefore, an EOS with a larger strangeness content may become harder.
In this schematic study the largest mass obtained for hyperonic stars is 1.96 M ⊙ , compatible with the mass of the pulsar PSR J1614-2230, 1.97 ±0.04 M ⊙ . However, there are still many uncertainties on the hyperon interaction in nuclear matter and the EOS of nucleonic matter at supra-saturation densities. It is, therefore, not possible to take firm conclusions with respect to the possible existence of hyperons inside compact stars, except that it seems important to include extra repulsion between hyperons at high densities through the inclusion of strange mesons, as was proposed in [3] .
IV. CONCLUSION
The density dependence of the EOS and the hyperon couplings have both a strong effect on the mass and radius of the star. We have tested different hyperon-meson parametrizations, using information from hyper-nuclei to fix the couplings, and different nucleonic properties at supra-saturation density within the limits of experimental constraints, namely the density dependence of the symmetry energy and the incompressibility at large densities.
The chosen nucleonic EOS cover different density dependences of both the isoscalar and isovector channels of the EOS. We have used an EOS with a quite high incompressibility at saturation, K = 281 MeV. However, the non-linear vector meson quartic term softens the EOS at supra-saturation densities in such a way that the results from Dirac-Brueckner-Hartree-Fock calculations are reproduced [16] , and the constraints imposed by heavy ion collisions [15] are satisfied. Also the slope of the symmetry energy of this model at saturation is probably too high according to present experimental information. Therefore, we have tested other EOS, with a softer symmetry energy and with a harder EOS at supra-saturation densities but still within the constraints of [15] . A softer EOS at saturation or above saturation will not favor so much the onset of hyperons, therefore, smaller hyperon contents and larger hyperon onset densities are expected. However, we should point out that a softer EOS at saturation or just above will allow that larger central densities are attained in the star, and, therefore, it is expected that the exotic degrees like hyperons will be present in less massive stars. The present study estimates an upper limit of the expected hyperon content within RMF models taking into account the existing experimental constraints from heavy-ion collisions [15] .
The effect of the density dependence of the symmetry energy on low mass neutron stars, M < 1.4M ⊙ , with no hyperon content, has been discussed within the RMF formalism in [23] . In the present study, we focus on hyperonic stars. For the nucleonic EOS used, the hyperon degrees of freedom are present only for densities above 2.2 to 2.5 ρ 0 , and inside stars with a mass larger than 1.5 M ⊙ . However, using a softer EOS like FSU [24] , hyperonic stars have a mass above 1.2 M ⊙ . Since the EOS is softer, matter is more easily compressed and exotic degrees of freedom occur in less massive stars. In this case, the strangeness content in the most favorable conditions discussed in the present paper does not exceed 0.035 of the total baryonic number in a maximum mass configuration with M = 1.52 M ⊙ .
We conclude that a softer symmetry energy gives rise to smaller stars with smaller strangeness content. The maximum gravitational and baryonic mass and the central densities depend on the slope L on a non linear way, and intermediate L values may give smaller masses and larger central densities. It was also shown that for a star with a fixed mass the radius of the star decreases linearly with the increase of the total strangeness content. In particular a 1km decrease of the radius of a 1.67M ⊙ star may be explained if the slope of the symmetry energy decreases from 110 to 55 MeV or the strangeness to baryon fraction increases from zero to ∼ 0.09.
It was also shown that a softer symmetry energy corresponds to a slower increase of the hyperon fraction with density [7, 22] . However, the onset of strangeness depends on the charge of the hyperons. Negatively charged hyperons set on at smaller densities while neutral hyperons appear at larger densities for smaller values of L. If it is confirmed that the potential of Σ − is repulsive in symmetric nuclear matter at saturation we may expect that Λ is the hyperon that arises at lower densities, and, in this case, the onset of strangeness occurs at larger densities with smaller slope L.
For a nucleonic EOS we would expect that the softer the EOS is, the larger are the central densities attained and the smaller the radius. However, hyperons will affect this simple relation and we have obtained larger central densities with harder EOS when no exchange of strange mesons or just a weakly attractive hyperon-hyperon interaction are considered. This is due to a slower increase of the hyperon content with density.
If the σ * meson is not included and a repulsive hyperon-hyperon interaction is considered although a larger L gives rise to a larger strangeness content, the extra repulsion between hyperons due to the presence of the φ-meson compensates for the extra hyperon fraction and the effect of the symmetry energy is almost not seen on the central density of the maximum mass configuration. Using a harder EOS such as TM1-2 a larger hyperon fraction is obtained for a given density. Due to the extra hardness and the repulsive effect of the φ meson, matter is less compressible and stars with larger strangeness content are more massive.
The identified uncertainties will certainly affect the appearance of other degrees of freedom, namely quark degrees of freedom, and we should expect a transition to a deconfined phase at lower densities for a harder hadronic EOS. The effect of the hyperon couplings and density dependence of the EOS on the metastability of hyperonic matter to the conversion to quark stars [32] should be investigated.
There is still lacking a lot of information about the nucleonic EOS at supra-saturation densities as well as on the hyperon interactions in nuclear matter that may allow that an unambiguous answer is given to the question whether the mass of the pulsar J1614-2230 could rule out exotic degrees of freedom from the interior of compact stars. We also conclude that some star properties are affected in a similar way by the density dependence of the symmetry energy and the hyperon content of the star. To disentangle these two effects it is essential to have a good knowledge of the EOS at supra-saturation densities. Low mass stars will probably involve only nucleonic degrees of freedom and will allow to study the density dependence of the symmetry energy effect alone. However, they will also only test densities not larger than 2-3ρ 0 .
